Abstract. Rocks at depth in the crust acquire a viscous (i.e., time-dependent) magnetization under the pressure-temperature conditions at which they reside. There have been numerous• studies on the effect of temperature on viscous magnetization but little work has been performed on the effect of hydrostatic pressure. We have studied viscous remanent magnetization at 22øC in a 0.1 mT field at 0.1 and 100 MPa for natural and synthetic multidomain magnetite. The viscous remanent magnetization was found to increase nearly linearly with log(time) at both pressures. There was little change in the rate of viscous acquisition between 0.1 and 100 MPa over the multidomain grain size range studied. Thus for rocks buried at depth in the earth the enhancement of magnetic viscosity by thermal fluctuations will dominate over effects due to hydrostatic pressure.
Introduction
The source of long wavelength magnetic anomalies is a subject of much debate among geophysicists (e.g., see reviews by Mayhew and LeBrecque, 1987 and Hahn and Roeset, 1989) . Based on thermal and petrologic evidence and magnetic anomaly modeling, most workers agree that the source must lie at some depth (0-100 kin) in the earth's lithosphere. The magnetization of rocks exposed at the surface are usually not large enough to explain the observed anomalies (Schlinger, 1985 Kelso et al., 1993). Thus a variety of mechanisms have been proposed for the anomaly sources: 1) the mantle is magnetic; 2) highly magnetic rock types exist that have not been sampled adequately; 3) magnetic susceptibility is enhanced at elevated temperature (Hopkinson effect); 4) magnetic viscosity is enhanced at elevated temperature; 5) mafic granulites are the source.
One variable that has not been considered in most previous analyses is the effect of pressure on the rocks magnetic properties (for a review see Kelso, 1993) . Since the magnetic sources reside at depth they are at elevated pressure due to overlying rock units and tectonic forces. Pressure due to hydrostatic loading at 30-40 km may be 1000 MPa or more, whereas differential stresses in the lower crust are generally less than 200 MPa (Fountain, 1989 There have been a variety of studies examining the changes in magnetic susceptibility and remanent magnetization as a function of uniaxial stress and occasionally for hydrostatic pressure. Experiments on the effect of hydrostatic pressure on magnetic susceptibility have given conflicting results (Nulman et al., 1978; Martin, 1980; Kapicka, 1990 Kapicka, & 1992 . It seems likely from these results that magnetic susceptibility at elevated pressure (0-250 MPa) will be within 10% of the susceptibility measured at room pressure. Thus, pressure should not greatly affect the induced magnetization. Hydrostatic pressure could affect domain wall pinning by increasing magnetoelastic energies relative to magnetocrystalline energies as observed by Nagata and Kinoshita (1967). We are not aware of any study that has examined the acquisition of a thermal remanent magnetization, or even an isothermal remanent magnetization, while under hydrostatic pressure.
The effect of pressure on the experimental acquisition of viscous magnetization has been the subject of only a few cursory studies (Pozzi, 1970; Bezuglaya eta/., 1973; Sp/Srer, 1984) . All studies observed an increase in the rate of acquisition of viscous magnetization, from two to six times, with the application of uniaxial pressures of less than 50 MPa. There was an increase in the viscous acquisition rate for uniaxial compression regardless of its orientation relative to the applied field. The largest increase was for uniaxial compression perpendicular to the applied field.
Previous studies concerning the source of long wavelength magnetic anomalies have not generally considered the effect of stress although it is known that all rocks at depth in the earth are in some elevated state of stress. The direct application of the above viscous magnetization studies to understanding the source of long wavelength magnetic anomalies is difficult since the source material responsible for the magnetic anomalies is likely to be relatively pure magnetite whereas previous studies were on titanomagnetites. Also the stress field of the lower crust is likely dominated by hydrostatic pressure while the above studies concentrated on the effect of uniaxial compression on viscous acquisition. This is the first study on the effect of true hydrostatic pressure on viscous magnetization. Additionally, magnetites with different multidomain grain sizes were studied to examine the stress dependence of viscous acquisition as a function of magnetic grain size. The cylindrical pressure vessel was made of non-magnetic titanium that was wound with an insulated wire to form a solenoid over it. A constant DC current was applied to produce an axial field of 100-Z-_0.5 •tT. The pressure vessel was mounted horizontally on an aluminum frame that was surrounded by a two-layer mu-metal shield. With the current off, the stray fields in the pressure vessel were <0.05 •tT. True hydrostatic pressure was transmitted to the samples using an argon gas system. Pressure was achieved by using a Haskel pumping system and occasionally maintained using an oil pump intensifier. Pressure variations during a given experiment were generally less than +5 MPa. It took 5 to 10 minutes for the samples to reach 100 MPa from atmospheric pressure, or vice versa.
Results and Discussion
The VRM acquisition data at 0.1 MPa and 100 MPa of one natural and three synthetic samples are plotted in figures 1 through 4. Note that the data is plotted on a semilog scale with the magnetization normalized by the saturation magnetization for the individual samples. There is an approximately linear increase in the acquired VRM with log(time) for all samples, in agreement with general theories of thermal fluctuation mechanisms for viscous magnetization (reviewed by Dunlop, 1973) . The viscosity coefficients (Sa)of individual samples, defined as the slope of the best fit line to this data (e.g., Dunlop, 1973; Moskowitz, 1985) , is reported in table 1 for both the 0.1 and 100 MPa experiments. The viscosity coefficients are very similar at the two pressures for all of the samples, with a slight increase for some samples and a decrease for others (table 1). This is true for both the natural and synthetic samples. These results are in great contrast to the results on the effect of uniaxial compression on VRM mentioned above. Uniaxial compression experiments found an increase in VRM of several times between room temperature and 50 MPa for titanomagnetites (Pozzi, 1970; Bezuglaya et al., 1973; Sp6rer, 1984) . The relatively minor change of viscosity with hydrostatic pressure compared to uniaxial pressure is consistent with the smaller changes observed in the magnetic material properties of magnetite under hydrostatic conditions (e.g., various remanent magnetic states and magnetic susceptibility). The gradients associated with differential pressures (e.g., uniaxial compression) will likely contribute to diffusion of ions, vacancies, and defects, which can affect the material's magnetic properties. Uniaxial stress also produces deformation and an increase in the defect density. Such diffusion will cause magnetic domain movements to minimize the changes in the magnetic energies associated with the diffusing species. This diffusion will likely contribute to magnetic viscosity as the domains move in the presence of a biasing field. Pozzi (1970) argues that diffusion mechanisms are the source of the enhanced viscosity he observed under uniaxial pressure. He also finds that increasing the equilibration time at pressure, with the field off, decreases the subsequently acquired viscous magnetization. Samples subjected to hydrostatic pressure do not experience pressure gradients and thus they are less likely to be affected by diffusion processes. Diffusion processes have activation times that are generally much shorter than magnetic viscosity that may occur geologically over millions of years (Moskowitz, 1985; Halgedahl, 1993) . Thus, these diffusion processes may have dominated previous viscosity experiments under uniaxial pressure, but are likely to be less important for in situ viscosity, especially when the dominant component of the natural stress is hydrostatic pressure, as in the lower crust.
There was no systematic change in the pressure dependence of the VRM results over the grain size range of the synthetic multidomain magnetite studied. Magnetic grain sizes for the synthetic samples varied form 1 [xm to <100 [xm based on their hysteresis properties (Worm and Markert, 1987b) . This is consistent with previous ambient pressure results at both room temperature (Dunlop, 1983) and at elevated temperature (Kelso and Banerjee, 1994) , where no consistent change in the S a value was observed over this grain size range.
Elevated temperature viscous magnetization characteristics for three of these samples have been reported in a previous 
